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The affinity of antibodies for univalent ligands, expressed as the average in- 
trinsic association constant for the reversible formation of soluble complexes, 
is usually determined by equilibrium dialysis (1-5).  Ultracentrifugation (6), 
quenching of antibody fluorescence (7, 8), fluorescence polarization (9, 10), and 
paper electrophoresis (11) have also been applied in selected systems. Generally, 
these methods require at least microgram amounts of antibody. The need for 
a  more  sensitive technique has arisen in connection with our studies of the 
specific binding properties of the anti-dinitrophenyl antibodies synthesized in 
vitro by suspensions of lymph node ceils. Although they are produced in mi- 
nute amounts, these antibodies can be highly labeled by providing the  cells 
with radioactive amino acids as precursors (12). Accordingly, an assay has been 
devised for determining the  binding properties  of trace  amounts of labeled 
antibodies. The assay measures the relative ability of the labeled antibodies to 
combine and precipitate with antigen in the presence of a large  amount of un- 
labeled reference antibody of the same specificity. 
The antigens used in this assay are necessarily mulfivalent. However, if the 
antigenic determinants are known and available in the form of simple univa- 
lent ligands, the combining properties of the labeled antibodies can be compared 
with the association constants obtained by standard  techniques.  Thus, with 
antibodies  specific  for  the  2,4-dinitrophenyl group,  results  obtained  by the 
present assay have been related to the affinity of purified serum antibodies for 
simple  dinitrophenyl  substances  determined  by  fluorescence  quenching.  In 
principle, the assay described here could be used to establish the binding co- 
efficient of any labeled antibody preparation,  provided that it coprecipitates 
with a reference antigen-antibody system. 
* A preliminary report of some of this work was presented at an annual meeting of the 
American Society  for Microbiology,  27 April, 1965 (1966. Badcriol. R~.  80:383). We thank 
the American  Society  for Microbiology  for permission to reproduce lCigs. 1-3. 
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Materials and Methods 
Reagents and  Immunization  Procedures.--Dinitrophenylated  bovine  %globulin  (50-65 
moles 2,4-dinitrophenyl  per mole bovine v-globulin), dinitrophenylated  human  serum  al- 
bumin (30-40 moles DNP z per mole HSA), and dinitrophenylated hemoeyanin (50-65 moles 
DNP per 160,000 g hemocyanin) were prepared as described previously (13). The hemocyanin 
was unfractionated serum from Limulus polyphemus. 
The immunogens were incorporated in complete Freund's adjuvant and injected into the 
foot  pads  of  randomly  bred  albino  rabbits.  The  concentration  of  anti-DNP antibodies 
in the serum was determined by precipitin  analysis,  and  the  antibodies were isolated from 
the serum by methods described previously (13,  14). In some purifications,  the solubilized 
DNP  antigens were removed by DEAE-cellulose chromatography  rather  than  by precipi- 
tation with streptomycin. Yields of purified antibody were usually 20-40% of the total anti- 
body that could be precipitated from the serum by DNP-HSA, and the antibody prepara- 
tions were generally at least 95% precipitable by this antigen. The affinities  of the purified 
antibodies for ¢-DNP-L-lysine (Mann  Research Laboratories, New York City)  were deter- 
mined by fluorescence  quenching (7, 15). 
Sodium dodecyl sulfate (Matheson, Coleman, and Bell, Cincinnati, Ohio)  was used with- 
out further purification. The absorbance at 278 nap of a solution at 5 mg/ml was less than 
0.010.  ~H-L-leucine  and  ~H-D,L-leueine  (about  5  e/mmole)  were  obtained  from  the  New 
England Nuclear Corp., Boston, Mass. Hydroxide of Hyamine 10X (Robin and Haas, Phila- 
delphia, Pa.), PPO (2,5-diphenyloxazole) and POPOP  [1,4-bis-2-(5-phenyloxazolyl)-benzene] 
were obtained from the Packard Instrument Co., Downers Grove, Ill. 
Preparation oJ Labeled Antibodies.--When  ~H-L-leucine is added to suspensions  of lymph 
node  cells taken  from immunized  rabbits,  the cells secrete  3H-labeled  proteins  into  the 
incubation  medium.  This protein  is almost completely precipitated  by goat  antiserum  to 
rabbit 3,G-immmzoglobulin,  and as much as 60% of it may he anti-DNP antibody (12,  16, 
17).  Details concerning the incubation  of lymph node cells and  the measurement  of total 
TCA-precipitable  protein  may  be  found  in  Helmreich  et  al.  (12)  and  in  the  follow- 
ing paper (17). 
As:aN for Relative Affinity o~ Labeled Antibody.--Extracellular  medium (incubation medium 
after removal of cells)  containing aH-anti-DNP antibody was deaxed by centrlfugation for 
1-2 hr at 30,000  X  g. Aliquots of the medium were mixed with reference antiserum, specific 
for the DNP group, and with various amounts of antigen (usually DNP-HSA). Mter incu- 
bation at 37°C for 1 hr, and at 4°C for 12-36 hr, the resulting precipitates were analyzed for 
antibody  content  and  for radioactivity by the following procedure.  Each  precipitate was 
washed five times with cold buffer containing 0.15  ~  NaC1, 0.01 v  phosphate,  pH 7.5,  and 
unlabled leudne 1 mg/ml; it was then dissolved in 1.5 ml sodium dodecyl sulfate, 5 mg/ml, 
by warming  at  37°C for  approximately 30  rain.  The solution was centrifuged to  remove 
debris, and the total antibody concentration was obtained from the absorbance at 278 and 
360  m~  (13).  Protein  content  was  expressed  in  absorbance  units  (i.e.,  net  absorbance 
times volume). Sufficient  B31G and DNP-HSA were then added  to 1.0 ml of the dissolved 
precipitate so that the final absorbance at 278 and 360 m# was the same for all the samples. 
These  additions  were  necessary  to  minimize differences in  quenching  of  the fluorescence 
emission of the scintillators among the various samples. TCA was added to a  final concen- 
tration of 10%; the resulting precipitate was washed once with 3:1 (v/v) ethanol-ether, and 
dissolved in 0.5 ml Hyamine and  10  nd  toluene  containing PPO  (4 g/liter)  and  POPOP 
z Abbreviations used are: DNP, 2,4-dinitrophenyl; B3'G, bovine 'y-globulin; HSA, human 
serum albumin; TCA, trichloroacetic acid. L.  A.  STEINER AND  H.  N.  EISEN  1145 
(0.1 g/liter). Radioactivity was determined in a Packard Tri-Carb liquid scintillation counter. 
The specific  activity of each precipitate was used  to  establish  the relative affinity of the 
labeled antibodies in the incubation medium (see Results). 
Some of the assays  were designed so  that  the amount  of serum antibody  precipitated 
covered the entire range from 0-100~  of the total precipitable antibody; for example, see 
Fig. 2.  Usually, however, only three points on the precipitin curve were analyzed,  those at 
0, 45-50,  and  90-100~  of maximum precipitation.  Each point was analyzed in duplicate; 
six samples were thus required  to determine the relative affm/ty of each labeled antibody 
preparation  (e.g., Table I, samples 1-6). 
Radioactivity and absorbance measurements in the assays were corrected by subtracting 
the counts per minute or absorbance of tubes containing no antigen  (e.g.,  Table I, samples 
1 and 2) from the 50 and  100~ precipitation samples. The magnitude of the radioactivity 
blank  (0%  precipitation)  depended  on  the  amount  of  serum  or protein present in the 
initial reaction mixture. When carrier protein was omitted, this blank was extremely high. 
Addition of increasing amounts of normal serum to the initial reaction mixture lowered the 
blank progressively (Table I, samples 7-16); with 1.0 ml of serum the blank was generally 
less than 1% of the total TCA-predpitable radioactivity. Hence, whenever less than 1 ml of 
anti-DNP serum was used, normal rabbit serum was added to provide a total serum volume 
of 1 ml per tube. In contrast to the importance of total serum in the sample, unrelated im- 
mune precipitates (e.g., ovalbumin plus rabbit antiserum to ovalbumin) brought down rela- 
tively little additional radioactivity; the amount was variable and rarely amounted to more 
than a doubling of the blank obtained with 1.0 ml serum and no precipitate; it was therefore 
ignored  (Table I, samples  17-22). 
The sensitivity and precision of the assay depend mainly on the amount of labeled anti- 
DNP  antibody precipitated, compared to the radioactivity blank.  Results were considered 
reliable only if the maximum radioactive antibody precipitated was at least four times the 
blank.  In favorable cases (anti-DNP antibody more than  10% and the radioactivity blank 
less than  1% of the total TCA-precipitable epm.), the assay can discriminate between sam- 
ples of labeled antibody that differ in association constant  by no more than  a  factor of 2, 
as  determined  by  comparing  the  secreted  antibody  to  unlabeled  (reference)  antibody  of 
known binding constant  (see Results).  No general figure for the precision of the assay can 
be given since the correspondence among replicate samples depended on the relative mag- 
nitudes of the samples and blanks. However, for most assays,  the precision was 4-10%. 
RESITLTS 
The assay for relative  binding constants is based on the usual theoretical 
treatment for the binding of simple ligands by macromolecules (18-20). It is 
assumed that the ligand  is  univalent and that its  combination with binding sites 
on antibody molecules occurs by means of the reversible reaction: 
antibody  site  + ligand  ~--  antibody  site-ligand  complex  (I) 
If there are two independent classes  of sites  that bind the ligand,  each with a 
characteristic  binding constant,  the fraction  of  sites  of  each kind combined with 
ligand is given by the equations: 
0 
--  K(x  --  OB  --  O'B') 
1--0 
(2) 
0' 
ffi  K'(x-  OB  --  O'B') 
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TABLE  I 
Magnitude  of Blanks and a Representative Protocol  for Measuring  Rdatlve 
A finity of Labeled Antibodies 
Sample 
No. * 
Reactants  added 
Dissolved precipitates or 
Anti-  Normal  Extra-  blanks 
~mti-DNP  ovalbumin  rabbit  cellula:  DNP-HSA  0valbumin 
serum  serum  serum  medium 
Absorbaucs  Absorbance  Absorbance| 
ml  rM  ml  ml  units  units  (g78ml*)  cpmll 
(360 m~)  (278 into 
1.0  --  --  0.2  --  --  0.010  90 
1.0  --  --  0.2  --  --  0.013  95 
1.0  --  --  0.2  0.11  --  0.280  5,900 
1.0  --  --  0.2  0.11  --  0.275  5,600 
1.0  --  0.2  0.33  --  0.610  12,400 
1.0  --  0.2  0.33  --  0.622  12,300 
7  --  --  --  0.2  --  --  0.015  8,400 
--  --  0.2  --  --  0.009  5,400  8 
9  --  --  0.2  0.2  --  --  0.010  215 
10  --  --  0.2  0.2  --  0.009  180 
11  --  --  0.5  0.2  --  --  0.011  125 
12  --  --  0.5  0.2  --  --  0.009  170 
13  --  --  1.0  0.2  --  --  0.009  110 
14  --  --  1.0  0.2  --  --  0.009  150 
15  --  --  2.0  0.2  --  --  0.008  110 
16  --  --  2.0  0.2  --  --  0.008  80 
17  --  0.3  0.7  0.2  --  --  0.008  70 
18  --  0.3  0.7  0.2  --  --  0.010  50 
19  --  0.3  0.7  0.2  --  0.018  0.225  330 
20  --  0.3  0.7  0.2  --  0.018  0.220  105 
21  --  0.3  0.7  0.2  --  0.043  0.630  175 
22  --  0.3  0.7  0.2  --  0.043  0.610  170 
* Samples  1-6 constitute a  typical protocol for measuring relative affinity.  Samples  7-22 
demonstrate  various blanks. 
Incubation  medium  from suspensions of lymph  node cells taken  from a  rabbit that  had 
been immunized with DNP-B~'G.  The  total TCA-precipitable  SH-protein was 280,000 cpm/ 
ml. 
§ Corrected for absorbance  due to precipitated antigen. 
[I Corrected  for  reagent  blank  (TCA-precipitated  bovine  -r-globulin  dissolved  in  Hy- 
amine  plus  scintillation  solvent). 
where  x  is  the  total  (bound  plus  free)  ligand  concentration,  B  is  the  concen- 
tration  of  antibody  sites  of  the  first  class  with  association  constant  K,  and  0 
is  the  fraction  of  sites  of  that  class  bound  by  ligand.  B t,  K',  and  0 t  are  the 
corresponding  quantities  for  the  antibody  sites  of  the  second  class.  (Note  that L.  A.  STEINER  AND  H.  N.  EISEN  1147 
the quantity x  -  OB  --  O'B'  is the free ligand concentration.) If B' is much 
less than B, equations (2) simplify to: 
0 
-  K(x  -  OB)  (3a) 
1--0 
0 ! 
--  K'(x  --  OB)  (3b) 
1  --  0' 
Typical binding curves for specific values of the parameters B, K, and K' are 
shown in Fig. 1. The general form of the binding curves specified by equations 
(3a)  and (3b) is considered in detail in the Appendix. 
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FIG.  1.  Theoretical curves based on equations  (3a)  and  (3b) in text.  --,  binding of 
ligand to antibody rites of first class: B  =  1 X  10  -s ~r, K  =  1 X  10  6 ~-1; ....  ,  binding 
of ligand to antibody sites of second class: B' is much smaller than B. K'  =  1  X  l0  T M  -t 
for sites A  and 1  X  10  5 *-I-1 for sites C.  O is the fraction of sites of the first class occupied 
by ligand, and 0' is the analogous fraction for sites of the second class. Note point of inflec- 
tion in curve C when total ligand  =  11.3  X  10  --6 M (see Appendix). 
Suppose that one class of sites, B', is on radioactively labded molecules, and 
that these are present in trace amounts compared to the unlabeled molecules, 
i.e., that the concentration of total sites is very nearly the same as that of un- 
labeled sites.  The binding constants K  and K' can then be  determined by 
measuring the fraction of total (0)  and the fraction of labeled (0')  antibody 
sites that are occupied by ligand as a function of ligand concentration. These 
measurements could be made if it were possible to separate the bound from the 
free antibody sites. However, for ligands that are small relative to the anti- 
body molecule, such a separation is not feasible. In contrast, if the ligands are 
large and multivalent (e.g.,  dinitrophenylated serum albumin) their combina- 
tion with antibody results in the formation of complex aggregates that often 
precipitate, especially if the complexes are formed in antibody excess. If it is 
assumed that unprecipitated antibody molecules have none of their sites oc- 1148  RELATIVE AF]~INITY OF LABELED ANTIBODIES 
cupied by ligand, whereas precipitated molecules have all their sites occupied, 
then the process of precipitation separates the bound from the free sites. By 
measuring the fraction of labeled and the fraction of total antibody in the pre- 
cipitates, 0 and 0' can be determined. 
The assay for the binding of labeled antibody is, therefore,  a  modification 
of the standard precipitin analysis. Samples of labeled antibody are mixed with 
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FIG. 2.  Precipitation  of two  ~H-antI-DNP preparations  with  the same reference anti- 
DNP serum. Although each preparation  of ~H-antibody was precipitated  separately with 
the reference antiserum, the results of the two assays are presented together here, the circles 
representing one assay and the squares the other.  --©- -, labeled antibody A was obtained 
from lymph node cells of a rabbit 9 wk after injecting 1 mg DNP-BTG and 8 days after 
repeating this injection; - -n- -  labeled antibody C was obtained from the lymph node cells 
of a rabbit 8 days after injecting 1 mg DNP-hemocyanin. •  l,  reference serum was pooled 
from a group of rabbits bled 5 wk after one injection with 1 mg DNP-hemocyardn; antibodies 
isolated from such a pool usually have an association constant for the binding of e-DNP-r.- 
lysine of about 1 X  107 M  -1. The vertical bars indicate the two points, P1 and P~, used to 
determine the relative affinity. 0 and 0' are the fractions of total and radioactive antibody 
precipitated. 
For convenience in comparing precipitin curves with  different antisera,  the amount of 
antigen  added  (abscissa) is normalized with  respect to the ma~mum amount of antibody 
precipitated.  (Example: if the  maximum amount of  antibody precipitated  in absorbance 
units at 278 m/~ is 0.900, and the amount of DNP-HSA  added to form this precipitate is 
0.650 in absorbance units at 360 mfl, the normalized value for units of antigen added is (0.650/ 
0.900)  X i00 = 72.) 
a reference  antiserum containing unlabeled antibody of the same specificity. 
Various amounts of antigen are added, and the protein  content and radio- 
activity  of the resulting  precipitates  are determined. The fraction  of the total 
antibody precipitated  (0),  as well  as the fraction  of the labeled  antibody pre- 
cipitated (8'),  axe plotted as a function of antigen added. Fig. 2 shows the 
precipitation  patterns  of  two different  labeled  anti-DNP antibody  preparations, 
compared one at a  time to  the same reference antiserum. It is evident that 
labeled  antibody A  precipitates  more  readily,  and  labeled  antibody C  less 
readily, than the antibodies in the reference serum. L.  A.  STEINER  AND  H.  N.  EISEN  1149 
The precipitating antigen in the assay is a dinitrophenylated protein, usually 
DNP-HSA,  that  differs from  the  immunizing  antigen,  usually DNP-B~G. 
Since the DNP-lysyl residue is very likely the only immunogenic group com- 
mon to both proteins,  the differences in precipitation might be  expected to 
reflect variations in the a~finity for this determinant. However, the equations 
for the binding of simple ligands cannot simply be assumed to apply to multi- 
valent ligands or to precipitation. The formation of a precipitate involves both 
a  change in phase  (from soluble to insoluble complexes)  and undoubtedly a 
number of nonspecific reactions between antibody and antigen molecules, i.e., 
intermolecular reactions  that  do not involve the active sites.  Despite  these 
limitations, the precipitin curves in Fig. 2 resemble quite closely, in the region 
antibody excess,  the theoretical binding curves in Fig.  1. Evidently, antigen 
multivalence and the complications of precipitation do not entirely exclude the 
application of the binding theory to this system. 
For univalent ligands, once 0 and 0' have been determined, it is possible to 
obtain K ~, the binding constant for the radioactively labeled antibody sites, 
directly from equation (3b).  With  multivalent ligands,  however, the relevant 
ligand concentration cannot be determined. Nevertheless, it is possible to elimi- 
nate the ligand term by combining equations  (3a) and (3b). 
0 r  /  0 
K' = K  (4) 
1 --0 ~  1 --0 
Now, K ~ is expressed in terms of 0, 0' and K,  the association constant for the 
reference antibody, which can be obtained by an independent method such as 
equilibrium dialysis or fluorescence quenching. 
The binding constants of the labeled antibodies in  Fig. 2 can now be calcu- 
lated. Antibody A: when 0, the fraction of total antibody precipitated, is 0.5, 
Y, the fraction of radioactive antibody precipitated, is 0.75.  Therefore,  K' is 
equal to 3K. Antibody C: when 0 is 0.5,  0' is 0.08,  and K t is equal  to 0.09K. 
Anti-DNP antibody isolated from the reference antiserum was found, by the 
method of fluorescence quenching, to have an average  association constant for 
¢-DNP-L-lysine of 1 X  10  7 M  -1. Assuming that the purified  antibodies are a 
representative selection of the antibodies in the reference antiserum (8),  the 
derived association constants for labeled antibodies A and C are 3  X  10  7 and 
9 X  10  5 ~f-1, respectively. 
This procedure for determining binding constants of labeled antibodies  can 
be checked by another method that is more direct and involves no assumptions 
about the relation of the theoretical binding curves to the precipitin data. For 
any labeled antibody preparation, it is possible to find an antiserum that gives 
a coincident preclpitin curve when precipitated together with the labeled anti- 
body. The average binding constant of the antibodies in this serum is then as- 
sumed to be the binding constant of the labeled antibody preparation. Thus, 1150  RELATIVE  AFI~INITY  O~'  LABELED  ANTIBODIES 
in Fig. 3 (upper), labeled antibody C is matched by the chosen antiserum, as 
indicated by the overlapping precipitin curves: Antibodies isolated from this 
reference antiserum have affinity for e-DNP-L-lysine of about  1  X  10  e ~r  -1. 
Similarly, in Fig. 3  (lower),  labeled antibody A  is matched by an antiserum 
whose isolated anti-DNP molecules bind the same ligand with an association 
constant of I  X  10  a M  --I or more. These then are the approximate association 
constants of the labeled antibody preparations. 
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FIG. 3. Precipitation of preparations of aH-anti-DNP antibodies and "matching" reference 
antisera.  Upper:  D  ,  the  labeled antibody was the same as preparation C  in  Fig.  2; IB,  the 
reference serum was pooled from rabbits bled 10 days after one injection of 2 mg DNP-B3~G. 
Lower:  O, the labeled antibody was the same as preparation A in Fig.  2;  0,  the  reference 
serum was pooled from rabbits bled 12-13 wk after one injection of 2 nag DNP-Bh'G. Units 
for ordinate and abscissa are as described in Fig. 2. 
The agreement between this direct procedure and the method of calculation 
based on equations (3a)  and (3b)  is relatively good for antibody C  and less 
good for antibody A. However, with respect to the determination of association 
constants of high affinity antibodies by fluorescence quenching, there is some 
uncertainty in the precise value of the binding constant when K  lies above 
5 X  107M  -1. 
The relative binding strengths of a number of labeled antibodies can be de- 
termined by comparing them to the same  reference antiserum. We have gen- 
erally found it convenient to compare the specific activities of only two pre- L.  A.  STEINER  AND  H.  1~.  EISEN  1151 
cipitates, such as PI and P2 in Fig. 2, rather than to determine 0 and O' over the 
entire precipitin curve. For each labeled antibody, the results can then be ex- 
pressed numerically as the ratio of specific activities at these two points along 
the precipitin curves. Thus, in Fig. 2 at Pa,  50 % of the reference antibody and 
75 % of labeled antibody A was precipitated.  The specific activity of this  pre- 
cipitate (in arbitrary units) is 1.5. At P~, 100 % of the  reference antibody and 
90 % Of antibody A were precipitated giving  a specific activity of 0.9. The ratio 
of these specific activities is called the rdatire a~nity of the  labeled antibody: 
Specific activity at P1  1.5 
Relative affinity ....  1.7 
Specific activity at P~  0.9 
A similar  calculation indicates that the relative affinity of labeled antibody C 
with respect to the same antiserum is 0.17. If the precipitin curves of the la- 
beled antibody and reference antiserum coincide (constant specific activity of 
the precipitates) then the relative atSnity of the labeled antibody with respect 
to that reference serum is 1.0. If the precipitin curve for the labeled antibody 
lies above the curve for the reference serum (Fig. 2, all-antibody A), its relative 
affinity with respect to that antiserum is greater than  1.0. Conversely,  if the 
precipitin curve for the labeled antibody lies below that of the reference  serum 
(Fig.  2, 8I-I-antibody C) its relative affinity is less than  1.0. 
The fraction of labeled antibodies bound by ligand (0') cannot be obtained 
directly from the relative affinity since  the total radioactive antibody is not 
measured in this method. Therefore the relative af~nlty numbers cannot be con- 
verted directly into association constants. However, the binding constants can 
always be obtained by carrying out complete precipitin curves and applying 
equation (4), or by "matching" the labeled antibody preparation with an anti- 
serum of known binding constant. 
The numerical value of the relative atSnity depends both on the character- 
istics of the labeled and of the reference  antibodies. Moreover, it depends to 
some extent on the particular precipitates chosen for the calculation.  Had we 
chosen P1 and P~ (Fig.  2) at 40 and 90 % precipitation of the reference  anti- 
serum, the relative affinities  of antibodies A and C would have been 1.5 and 
0.27 instead of 1.7 and 0.17. Clearly, the precise numerical value of the relative 
affinity is to some extent arbitrary, but the assay provides a sensitive method 
for comparing the binding strength of a number of labeled antibodies. 
The validity of this method for measuring binding strength was investigated 
in experiments summarized in Table II. Two labeled anti-DNP antibody prep- 
arations, one of high and the other of low relative at~nity, were mixed in various 
proportions,  creating  several  labeled  antibody preparations  of  intermediate 
affinity. The original  preparations  and  the mixtures were then  compared to 
three different antisera. The specific activities of precipitates at Px and at P~ 
were determined and the ratios calculated to give the relative atSnities  as de- 1152  RELATIVE  A~FINITY  OF  LABELED  ANTIBODIES 
TABLE  II 
Rdati¢e A.~nities of Mixtures of Labded Antibodies 
Reference 
anti- 
Beru]~* 
P 
Q 
R 
Mixture~ 
A 
B 
C 
D 
E 
A 
B 
C 
D 
E 
A 
B 
C 
D 
E 
Lsbeled antibody 
in mixture 
A  E 
%  % 
100  0 
75  25 
5O  5O 
25  75 
0  100 
100  0 
75  25 
5O  50 
25  75 
0  100 
100  0 
75  25 
5O  50 
25  75 
0  100 
Amount precipitated 
Expected§  Observed 
P1  P2  PI  P~ 
Relative affinity~ 
Expected  Observed 
cpm  cpm  cpm  cp~ 
1360  2890  --  0.92 
1790  2900  1700  2920  1.2  1.1 
2220  2920  2220  3000  1.5  1.5 
2640  2930  2640  3040  1.8  1.7 
--  --  3070  2940  --  2.0 
--  --  230  2260  --  0.20 
940  2520  930  2530  0,75  0.74 
1650  2790  1650  2700  1.2  1.2 
2360  3050  2470  3070  1.5  1.6 
--  3070  3310  --  1.9 
--  110  1120  --  0.20 
620  1630  650  1690  0.78  0.78 
1130  2150  1080  2190  1,1  1.0 
1640  2660  1600  2520  1.3  1.3 
--  --  2150  3170  --  1.4 
* Reference anthem were obtained at various intervals after immunizing groups of rabbits 
with 2 mg DNP-B3'G. The times of bleeding and the average intrinsic association constants 
(Ko) for the binding of e-DNP-blysine by antibodies purified from these sera were: P,  10 
days, Ko ffi  1.2 X  100 if-l; Q, 5 wk, Ko =  9.3  X  106 ~t-1; R, 11 wk, Ko >  1 X  10  s ~-1. 
Labded antibody A was obtained from the lymph node cell suspension of a rabbit 9 days 
after immunization with 2  mg DNP-BTG.  Labded antibody E  was obtained from a  call 
suspension 9 wk after immunization with 2 mg DNP-B-rG. 
§ The calcttlation of expected cpm precipitated was based on the assumption that  the 
cpm precipitated of each labeled antibody was directly proportional to the fraction of that 
antibody in the mixture. Sample calculation for mixture B and reference serum P: 
PI: 1790 =  0.75  (1360) +  0.25  (3070) 
P2:2900  =  0.75  (2890) +  0.25  (2940) 
I[ Relative affinity is defined in the text. The specific activity of precipitates (expected and 
observed) was calculated from the precipitated cpm  (expected and observed) and the ab- 
sorbance of the dissolved precipitates. With reference serum P, the ratio of antibody pre- 
cipitated at/'1 to that at/'2 was 0.51; with Q it was 0.50; and with R it was 0.49; P2 was the 
point of maximum precipitation (equivalence) of the reference antiserum. A representative 
calculation is as foUows (mixture B and reference serum P): 
Expected specific  activity at  Pt  1790/0.51 
Expected relative affinity  ---  1.2 
Expected specific  activity at  P2  2900/1.0 L. A. STEINER AND  H. N. ELLEN  1153 
fined above. Anti-DNP  antibodies were isolated from the different sera and 
their average binding constants for E-DNP-L-lysine were determined. 
Several features of the data in Table II should be noted. 
1.  The expected counts per minute precipitated  (and hence the  expected 
relative  n  ffinlties)  corresponded  within  experimental  error  to  the  observed 
values,  thus establishing that the two populations of labeled antibodies be- 
haved independently in the precipitation assay. 
2.  For a  given mixture of labeled antibodies (e.g.,  mixture C  consisting of 
50 % antibody A plus 50 % antibody E) the relative affinity usually varied in- 
versely with the average association constants of antibodies in the reference 
sera. This relation is consistent with equations (3a) and (3b). 
3.  The proportion of the total 8H-antibody precipitated at P2, the equivalence 
point of the reference antiserum, depended on the affinity of the  labeled anti- 
bodies relative to that of the antibodies in the reference serurn.  For example, 
the affinity of the labeled antibodies in mixture A was much lower than  that of 
the antibodies in reference serum R, and the  amount of radioactivity precipi- 
tated at P~ was only 1120 cpm. In contrast, the affinity of the  antibodies in 
mixture A was almost the same as that of the antibodies in reference serum P 
and the radioactivity precipitated at P~ was 2890  cpm.  Similarly, when the 
relative affin{ty of the labeled antibodies was much higher than that of  the 
reference antibodies, the maximum amount of labeled antibody was  not pre- 
cipitated at the point of maximum precipitation of the reference antibody. Thus, 
the equivalence points for the labeled and reference antibodies do not coincide 
exactly unless the relative affinity is 1.0 (see also Fig. 2). 
4.  Labeled antibodies of different relative affinity  are  distinguished most 
effectively by an antiserum of intermediate affinity. For instance, if antibodies 
A and E  are compared, the difference in relative affanity is greater with refer- 
ence antiserum Q (0.20 versus 1.9) than with sera P  or R. By careful choice of 
reference antiserum, it is possible to distinguish between two labeled antibodies 
that differ in binding constant by no more than a factor of 2. 
In the analysis outlined here, heterogeneity in binding, well documented for 
anti-DNP  antibodies  (8),  has  not been  considered.  Although it  affects the 
precise  form of  the  theoretical binding  curves  as  well  as  the  precipitation 
pattern of labeled antibodies, heterogeneity does not alter the relative affinity 
since the latter is defined as an average property of a  population of labeled 
antibody  molecules.  The  heterogeneity  of  labeled  antibodies  will  be  con- 
sidered in an accompanying paper (17). 
DISCUSSION 
Of the many methods used for measuring the specific  binding activity of 
antibodies, the most informative and unambiguous determine the average in- 1154  RELATIVE  AF]HNITY  0]~  LABELED  ANTIBODIES 
trinsic association constant for the reversible formation of soluble complexes 
with small univalent ligands. According to commonly used terminology, such 
constants provide a measure of the antibody's affinity for the ligand. With most 
naturally occurring antigens, however, the relevant antigenic determinants are 
not available in the form of simple univalent ligands, and straightforward bind- 
ing studies are not feasible. Instead, the reactivity of an antibody preparation 
is often estimated in terms of the avidity or ability of the antibody molecules to 
form stable complexes with antigens. The avidity may be estimated in various 
ways, e.g. in terms of the shape of toxin neutralization curves (21),  the speed 
of association or  dissociation of antigen-antibody complexes (22-27),  or the 
effect of dilution in causing the complexes to dissociate (25, 28, 29). The several 
assays appear to be related because sera that are avid by one criterion often 
appear avid by another. 
Although the affinity of an antibody's active sites for determinant groups 
on the corresponding antigen must play an important role, other factors can 
also  influence the stability of antibody-antigen complexes.  For example, ex- 
tensively acetylated  antibodies  form precipitating  complexes  with  antigens 
only poorly, but in at least one case their binding of small univalent ligands 
was just as effective as that of the nonacetylated antibody (30). If precipitation 
is taken as the measure of antigen-antibody complex formation, one would con- 
clude that the acetylated antibody had greatly reduced avidity for the antigen 
even though its affinity for the specific determinant groups was unimpaired. In 
a more natural example, certain 7S equine anti-p-azophenyl-/%lactoside (Lac) 
antibodies (tentatively called "yG(T)-immtmoglobulin) had higher affinity for 
simple lactosides than did ~/G-anti-Lac antibodies from the same serum, but 
the ~/G(T)-antibodies did not form precipitable complexes with Lac antigens, 
whereas the ~/G-antibodies did (31). Thus the ~/G(T)-antibodies would appear, 
at least by this criterion, to be less avid than the qtG-antibodies of the same 
specificity, while having higher affinity for simple Lac ligands. 
Statistical factors, involving the number of binding sites per antibody mole- 
cule, probably also exert a marked influence on avidity, as is evident from com- 
parison of qtG- and 3,M-antibodies. In contrast to the bivalency of 3,G-anti- 
bodies, 3,M-antibodies appear  to have  at least five ligand binding sites per 
molecule (32). It seems likely, therefore, that even if both  forms of  the  anti- 
body had the same average intrinsic association constant for the binding of a 
given univalent ligand, the 3,M-molecnles  would nonetheless tend to form more 
stable  complexes with the corresponding multivalent ligand, because of the 
smaller probability that all their sites would be simultaneously dissociated. Thus 
3,M-antibodies may appear more avid than 3,G-antibodies with the same affinity 
for a given ligand. These considerations may account for the remarkable effec- 
tiveness  of  ~/M-antibodies at low concentration in  causing agglutination of 
ervthrocytes (33, 34) or bacteria (35). L.  A.  STEINER  AND  H.  N.  EISEN  1155 
The assay for relative aflSuity described in the present study measures the 
binding and subsequent precipitation of small amounts of labeled antibody by 
macromolecular antigens in the presence of a large quantity of uulabled anti- 
body of the same specificity. Thus, the property of antibody which is measured 
is essentially its precipitability. It would therefore be consistent with  general 
usage to say that this assay provides an estimate of the avidity of the labeled 
antibodies. However, these studies have been carried out with antibodies di- 
rected against an antigenic determinant (the dinitrophenyl group) that is avail- 
able in the form of simple univalent ligands.  It has been possible,  therefore, to 
establish  a  correlation between the binding  of these antibodies by multiply 
substituted  dinitrophenyl  antigens  ("relative  ~nity")  and  the  association 
constants for simple,  univalent  dinitrophenyl ligands.  Thus,  anti-DNP  anti- 
bodies  low  in  relative  affinity  correspond  to  reference  antibodies  with  low 
average intrinsic  association constants for combination with  simple  ligands; 
those high in relative affinity correspond to antibodies with high association 
constants. This correlation suggests that the changes in free energy resulting 
from precipitation with antigen may be essentially uniform, at least for those 
rabbit  anti-DNP  antibodies that  are "yG-immunoglobulins,  the variation  in 
precipitability  (relative af~n~ty) being related primarily  to differences  in in- 
trinsic association constant. 
It  should  be possible to  determine  in  an  analogous  manner  the  relative 
affinity of labeled antibodies in any precipitating antigen-antibody system. Al- 
though direct correlation with binding constants will not be possible in many 
cases, it is reasonable to assume that the relative affinity will largely reflect the 
energy of interaction between the antibodies and the relevant antigenic deter- 
minants.  Nevertheless,  the possibility that  precipitation  may not always be 
directly related to the intrinsic binding activity should be considered,  as in the 
examples  cited above. It is also  possible that certain  antibodies  that do not 
themselves precipitate with antigen may bind specifically to a matrix formed by 
antigen  and  precipitating  antibodies  (e.g.,  in  the  reference  antiserum).  The 
relative at~inity of such coprecipitating antibodies could then be determined. 
As will be shown in the following paper  (17),  the present assay has been 
particularly useful for studying the  combining  power of the antibodies syn- 
thesized and secreted by suspensions of lymph node cells. The assay could,  how- 
ever, be adapted to measure the relative affinity of any labeled antibody prep- 
aration. Moreover, compared to most other procedures for measuring binding, 
the method is unusual in its flexibility. By varying the reference antiserum, the 
relative  a~ity  of labeled  antibody preparations  of low affinity or  of high 
at~uity can be determined with equal ease. Indeed, it is possible to order labeled 
antibody preparations with respect to their binding power even when the cor- 
responding association constants fall outside the limits mcasureable by other 
methods. 1156  RELATIVE AF]HNITY OF LABELED ANTIBODIES 
SUM~,~Y 
An assay for the binding efficiency or "relative affinity" of trace amounts of 
radioactively labeled  anti-2,4-dinitrophenyl  (DNP)  antibodies  has  been  de- 
veloped. The assay measures the relative  ability of the labeled  antibodies to 
combine and precipitate with antigen in the presence of a large amount of un- 
labeled reference antibody of the same specificity. It has been possible to cor- 
relate the relative affinity of the labeled antibodies for dinitrophenylated anti- 
gens with the association constants of the reference antibodies for simple uni- 
valent DNP ligands. 
We thank Mr. Richard Pinkston for skillful technical a~istance. This work was supported 
in part,  by a research grant  (AI-03231) and a training grant  (ST1-AI-257) from the Na- 
tional Institute for Allergy  and Infectious Diseases, National Institutes of Health, and by a 
contract with the Research and Development Command, Department of the Army, recom- 
mended by the Commission on Immunization of the Armed Forces Epidemiological Board 
(USDA49-193-MD-2330). 
BIBLIOGRAPHY 
la.  Marrack,  J., and F. C. Smith. 1932. Quantitative  aspects of immunity reactions: 
the  combination  of  antibodies  with  simple haptenes.  Brit.  J.  Expa.  Pathd. 
13:394. 
lb.  Haurowitz,  F., and F. Breinl.  1933. Chemische untersuchung  der spezifischen 
bindung  yon arsanil-eiweiss und arsanils~ure  an  immunsemm.  Ze~.  Physiol. 
Chem. 214"111. 
2.  Eisen, H. N.,  and  F.  Karush.  1949. The interaction  of purified  antibody with 
homologous hapten.  Antibody valence and binding constant. J. Am. Chem. Soc. 
71:363. 
3.  Karush,  F.  1956. The interaction  of purified antibody with  optically  isomeric 
haptens. J. Am. Chem. Soc. 78:5519. 
4.  Nisonoff, A., and D. Pressman.  1958. Heterogeneity  and average combining con- 
stants of antibodies from individual rabbits. J. Immunol. 80:417. 
5.  Eisen, H.  N.  1954. Equilibrium  dialysis  for  measurement  of  antibody-hapten 
a~inities. Methods Med. Res. 10:106. 
6.  Schachman, H. K., L. Gropper, S. Hanlon,  and F. Putney. 1962. Ultracentrifuge 
studies  with  absorption  optics. II. Incorporation of a monochromator and its 
application  to the study of proteins  and  interacting  systems.  Arch.  Bioc~m. 
Biophys. 99:175. 
7.  Velick, S.  F.,  C. W. Parker,  and H. N. Eisen.  1950. Excitation  energy transfer 
and the quantitative study of the antibody hapten reaction.  Proc. Natl. Acad. 
Sci.  U.S. 46:1470. 
8.  Eisen, H. N., and G. W. Sis~nd.  1954. Variations in affinities of antibodies during 
the immune response. Bio6~mistry. 3:996. 
9.  Haber,  E., and J. C. Bennett.  1962. Polarization  of fluorescence as a measure of 
antigen-antibody  interaction.  Prec. Natl.  Acad. Sci.,  U.S. 48"1935. 
10.  Dandliker,  W. B., H. C. Schapiro, J. W. Meduski, R. Alonso, G. A. Feigen, and L.  A.  STEINER  AND  H,  N.  EISEN  1157 
J.  R. Hamrick, Jr. 1964. Application of fluorescence polarization to the antigen- 
antibody reaction. Theory and experimental method. Immunochemistry. 1:165. 
11.  Berson,  S. A., R. S. Yalow, A. Bauman, M. A. Rothschild,  and K. Newerly. 1956. 
Insulin-I  m  metabolism in human subjects: demonstration of insulin  binding 
globulin in the circulation of insulin  treated subjects. J. CUn. Invest. 35:170. 
12.  Helmreich, E., M. Kern, and H. N. Eisen.  1961. The secretion  of antibody by 
isolated lymph node cells. J. Biol. Chem. 236:464. 
13.  Eisen,  H.  N.  1964. Preparation  of  purified  anti-2,4-dinitrophenyl  antibodies. 
Methods Meg.  Res.  10.'94. 
14.  Farah, F. S., M. Kern, and H. N. Eisen.  1960. The preparation and some proper- 
ties of purified antibody specific for the 2,4-dinitrophenyl group, at. Exptl. Meg. 
112:1195. 
15.  Eisen,  H. N.  1964. Determination of antibody affinity for hapten and antigens 
by means of fluorescence quenching.  Methods Meg. Res. ].0:115. 
16.  Helmreicb, E., M.  Kern,  and  H. N.  Eisen.  1962. Observations on the mecha- 
nism of secretion  of 5,-globulins by isolated lymph node cells. I. Biol.  Chem. 
237:1925. 
17.  Steiner,  L. A.,  and H. N.  Eisen.  Sequential  changes  in  the relative affinity of 
antibodies synthesized  during the immune response. Y. gxptl.  Meg. ].26:1161. 
18.  Scatchard,  G.  1949. The attractions  of proteins for small molecules  and  ions. 
Ann. N.Y. Acad. Sci. 51:660. 
19.  Klotz, I. M.  1953. Protein interactions.  In The Proteins, H. Neurath and  K. 
Bailey, editors.  Academic Press Inc., New York. 1B:748. 
20.  Tanford, C. 1961. Physical Chemistry of Macromolecules.  John Wiley and Sons, 
Inc., New York. 526. 
21.  Jerne, N. K. 1951. A study of avidity based on rabbit skin responses to diphtheria 
toxin-antitoxin mixtures. Acta Path. Microbiol. Stand. Suppl. 87:3. 
22.  Ramon, G.  1923. La floculation  dans les mrlanges de toxine et de drum anti- 
dipht~rique.  Ann. Inst.  Pasteur. 37:1001. 
23.  Madsen, T., and  S.  Schmidt.  1926. Sur 1' "aviditY" du srrum antidipht~rique. 
Ann. Inst. Pasteur. 40:300. 
24.  Talmage, D. W.  1957. The primary equilibrium  between antigen and antibody. 
Ann. N.Y. Acad. Sci. 70:82. 
25.  Farr, R. S. 1958. A quantitative immunoehemical measure of the primary inter- 
action between I*BSA and antibody. Y. Inf. Diseases. ].03:239. 
26.  Tahnage, D. W. 1960. The kinetics of the reaction between antibody and bovine 
serum albumin using the Farr method. J. Inf. Diseases. 107:115. 
27.  Grey, H. M. 1964. Studies  on changes in the quality of rabbit-bovine serum albu- 
min antibody following immunization. Immunology. 7:82. 
28.  Glenny, A. T., and M. Barr.  1932. Dissociation  in vivo of diphtheria toxin-anti- 
toxin mixtures. J. Pathol. Bacteriol. 35:142. 
29.  Jerne, N. K., and P. Avegno.  1956. The development of the phage-inactivating 
properties of serum during the course  of specific immunization of an animal: 
reversible and irreversible  inactivation. J. Immunol.  76:200. 
30.  Nisonoff,  A., and D. Pressman. 1958. Loss of precipitating activity of antibody 
without destruction of binding sites.  Science. 128:659. 1158  RELATIVE  A]?~'INITY OF  LABELED  ANTIBODIES 
31.  Klinman,  N.  R.,  J. H. Rockey,  G.  Frauenberger,  and  F.  Karush.  1966.  Equine 
antihapten  antibody.  III.  The  comparative  properties  of  the  3,G-  and  3'A- 
antibodies. J. Immunol. 96:587. 
32.  Onoue, K., Y. Yagi, A. L. Grossberg, and D. Pressman.  1965.  Number of binding 
sites of rabbit  macroglobulin antibody  and  its  subunits.  Immunochemistry.  2: 
401. 
33.  Benedict,  A.  A.,  R.  T.  Hersh,  and  C.  Larson.  1963.  The  temporal  synthesis  of 
chicken antibodies. The effect of salt on the precipitin reaction. J. Immunol. 91: 
795. 
34.  Greenbury,  C. L., D. H. Moore,  and L. A.  C. Nunn.  1963.  Reaction of 7S and 
19S  components  of immune rabbit  anfisera with human  group A  and  AB red 
cells. Immunology. 6:421. 
35.  Robbins, J. B., K. Kelmy, and E. Suter.  1965.  The isolation and biological activi- 
ties of rabbit  3,M-  and  3,G-anti-Salmonella  typhimurium antibodies.  J. Exptl. 
Med. 122:385. 
APPENDIX 
BY LISA A.  STxlmm 
Equations (3a)  and  (3b) in the text describe, according to the law of mass action, the re- 
actions of a  ligand with two classes of binding sites, with the assumptions that each class is 
homogeneous  and  that  there is no interaction between sites.  It is  also  assumed  that  the 
concentration of sites in one class is much greater than that in the other. Fig. 1 shows binding 
curves for a specific set of values for the association constants K  and K t and the antibody 
concentration B. We consider here the general form of the curves specified by these equations. 
The equations can be transformed so that for each class the proportion of sites bound by 
ligand is expressed  explicitly in terms of  the total ligand concentration and  the parameters 
K, K', and B. Since the explicit expressions  for 8 and 8  ~  are rather complex, we shall write the 
transformed equations only in the general form: 
8  =  f(x, K, K', B) 
8'--g(x,K,K',B) 
where 0<8<1,  0__68'<1,  0_~x and the parameters K, K', and B  are all positive. We wish 
to determine the relation between 8, 8', and x for various values of K, K', and B. It will be 
shown that: 
1. 8 = f(x), the binding curve for the class of antibody sites in relatively large concentra- 
tion, invariably has the general shape of the solid curve in Fig. 1, i.e., that it is always convex 
upwards and approaches 1 asymptotically as the ligand concentration increases. 
2. 8'  =  g(x),  the binding curve for the antibody sites present in trace amounts has the 
shape of curve A in Fig.  1, if K'  >  K  and that of curve C if K'<K and certain relations 
hold among the parameters K, K t, and B  as discussed  below. The curve 8' =  g(x) may have 
a point of inflection where its convexity changes (e.g., curve C), but it always approaches 1 
asymptotically as the ligand concentration increases. 
ProoJs.--To determine the shapes of the curves specified  by these equations we evaluate 
the signs of the derivatives of 8  =  ](x) and 8' =  g(x) with respect of x. 
1.8 = f(x) will resemble the solid curve in Fig. 1 if dS/dx is positive and d28/dx  ~ is nega- 
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Equation (3a) in text: 
0 
K(x  :  -  --.ore, 
M 
I--0 
therefore, 
dO  K(1  -- O)  2 
m 
dx  1  q- KB(1  --  0)  2 
>0 
since K  and B are both positive. 
The second derivative: 
d'O  --2K(1  -  0) dx  dA 
d~  [1  +  KB(1  -  o)~1 , 
<0 
dO 
since 0  <  1, dxx >  0, and K  >  0. 
dO 
Moreover, when x becomes large, 8 approaches 1 and  dx approaches 0. Therefore 0 = f(x) 
has the shape indicated by the solid curve in Fig. 1. 
2.  From equation (4) in the text it follows that: 
dO  r  K  O  rS dO 
------>0 
dx  K' ~  dx 
for all values of K  and K'. When x becomes large, 0' approaches 1 and ~-x approaches 0. 
Taking the second derivative and  again substituting from equation  (4) it can  be shown 
that: 
,, (,  f ,o  ( Yl 
d--~- =o  \l-0/Ld~  +o\l-e  lkdx/J 
d20 
When K'  >  K, 0  --  0'  <  0.  Since ~x  ~ is also negative and all other  terms are positive, 
~0' 
g--~  <  O. Then 0 ~ =  g(x) amumes a shape like that of curve A in Fig. 1. 
d  2 ,  •  0  . 
When K' <  K, 0 -- 0  r >  0. The situation is now more complex since ~  is the sum  of a 
d2or 
positive and a negative term. However, the sign of ~-  can be determined by noting that: 
dx  ~  [1  --]- KB(1  --  8)2] 2  K~(I  --  6) 4  K(1  --  0) 8 1160  RELATIVE  AFFINITY  OF  LABELED  ANTIBODIES 
and 
dO 
dx  dO 
K(1- o)~  I --B~ 
d~O  ' 
Substituting in the expression for ~-,  we obtain: 
a~+  o  \1-o/  \ax} 
Note than when O'  =  O, this reduces to  the expression for ~  . 
Now,  let 
dO  O' 
h(x) ~  B--  -  - 
dx  O 
d~# ' 
The sign of h(x) determines whether dx  ~  is positive or negative. For large values of x, both 
d0 
0  and 0' approach 1, ~xapproaches 0, and h(x)is negative. By taking the first derivative of 
h(x) with respect  to x it  can be shown  that  as x decreases, h(x) increases, reaching a maxi- 
mum h(0) when x  =  0. Furthermore, 
BK  K' 
h(O)  = 
BK+  1  K 
If h(0) is  >0,  the  function h(x)  must  assume both positive and  negative values,  i.e.,  as 
d~O' 
x decreases h(x) changes in sign from negative to positive. Accordingly, ~  changes in sign 
and the curve 0'  =  g(x) has a point of inflection where its convexity changes [at h(x)  =  0]. 
K' 
h(0)  >  0  if  B  > 
K 2 --  K'K 
Note that this condition is fulfilled in the case of curve C, Fig. 1. 
If h(O)  <  O,  dx--  7  is everywhere negative, and  O'  =  g(x) is convex upwards  throughout 
with no point of inflection. 